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... ABSTRACT 
This report presents the results of an extensive theoretical 
analysis of A440 steel butt joints fastened with either A490 bolts or 
-~ 
I 
A502-Grade 2 rivets. The study included the effect of variations in 
·-~· 
pitch, variations in joint length and the effect of changes in the ratio 
of net plate area, An, to the total fastener shear area, As, on the 
ultimate joint strength. The ultimate joint load was considered to be 
reached when an end fastener sheared. 
The theoretical solution has been compared with test results 
of eight full-size connections using 7/8 inch A490 bolts and A440 steel 
plate. The maximum deviation between the theoretical solution and the 
test results was 7%. 
The theoretical stµdies show that the average shear strength 
decreases with increasing joint length. Fastener pitch was found to 
have a minor effect on the shear strength. The total joint length and 
not the number of fasteners (governed by pitch) had the most important 
effect on the average shear strength at ultimate joint load, for a 
given An/A8 ratio. Variations in the Au/As ratio produced a major 
change in average shear strength. 
It was shown that joints made according to present codes are 
\ 
• 
unduly conservative in most cases, especially for those shorter than 40 
inches. 
The slip behavior of the bolted joints was compared to a the- ·· 
oretical analysis, and found to be in excellent agreement. 
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· INTRODUCTION 
ff: 
1.1 Purpose: 
In recent years ASTM A440 high-strength steel has been developed 
for structural applications. The efficient use of this new steel has 
often bee epend·ent on the connecting.methods used in field splices. 
I 
With the i reduction of the .;A~TM A490 high-strength bolt and the ASTM 
A502-Grade 2 high-strength rivet, a need has been created to investigate 
the behavior of connections made of these materials. 
,_ . 
Many bolted joints are designed to carry load by frictional re-
sistance on the faying surfaces. -All riveted and some bolted joints are 
designed to carry the load by shear and bearing on the fasteners. In 
either case the designer or engineer must have a rational basis for his 
design. The basic questions which must be answered, then, are: (1) 
What is the pre-slip behavior of A440 stee 1 joints fastened with A490 
bolts? (2) What is the ultimate strength behavior of A440 steel joints 
fastened with either A490 bolts or A502-Gr~de 2 rivets? (3) How are 
the ultimate load char,acteristics -altered by variations in the relative 
proportions of net plate area and bolt shear area; by variations in 
,. 
pitch; and by variations in joint length? 
1.2 Literature Review: 
Excellent reviews of previous theoretical studies of mechanically 
fastened joints are given in the Ph. D. dissertations of Rumpf{l), and 
Fisher <2). 
Rumpf developed a semi-graphical construction which facilitated 
-2-
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the load partition -in the inelastic range. This work was based on the 
excellent earlier stu.dies on aluminum riveted joints by Francis ( 3) • 
. 
Rumpf's solution was found to be applicable to the region from slip 
load up to ultimate load. Excellent correlation between theoretical 
values and experimental data from bearing-type joints of A7 steel and 
A325 bolts was obtained. 
The work by Rumpf constituted a major advance in the field of 
mechanical structu~al connections. However, two serious deficiencies 
were st·ill present. (1) The semi-graphical solution was an iterative 
\ ... 
type and usually several trials were required before the solution could 
be obtained. For longer joints particularly, the analysis became te-
dious and time consuming, if not impossible to use. (2) The behavior 
of the plate elements with holes had to be determined by full s·ize 
calibration tests for each joint studied. 
Fisher extended Rumpf' s work in three important ways. A method 
was developed whereby the load-deformation characteristics of A7 and 
A440 steel plate with holes could be predicted< 2>< 4); a mathematical 
model was developed which established the rektltionship between load and 
deformation for the shearing calibration behavior of the fasteners(Z)( 4); 
"' -
and, the entire solution was accomplished by a digital computer program( 2). 
Comparison of theoretical to experimental data -showed excellent correla-
tion. 
The ultimate load analysis of this report is based directly on 
this computerized solution de_veloped by Fisher. 
Recent work on the pre-slip behavior of bolted joints has been 
., 
·/ 
a 
.. 
,. 
-4-
" 
dori~ by Steinhardt and Mohler(S), and by Tajima(6). The initial work 
irt this ar~a had b~~n done by Fillunger as early as 1919( 7)_ the 
analysis on slip behavior given in this report is based mainly on 
lle.ference 5. 
- s 
1.3 Test Program 
I. To support the extensive analytical study, eight full size 
joints were tested to destruction. These included four short joints 
fastened with bolts having a grip of 4 inches, and four long joints 
fastened with bolts having an 8 inch grip. The four short joints were 
pilot tests to verify the basic shear behavior of the bolts, and to de-
termine the general overall behavior of the joints. The long joints 
were designed to verif>\selected points in the theoretical analysis 
of ultimate strength. 
~-No tests of joints fastened with A502-Grade 2 rivets were con-
ducted. 
Shear calibration tests of two lots of A490 bolts, and one lot 
of A502-Grade 2 rivets were required. 
" 
, 
• 
. I 
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. t· 
2. TESTS OF BOLTED JOINTS 
. . .. - •·. .,. ~-. . ': . .. ;..' . ' - . ... ~ . . . . . . . - . 
,\ .. 
2.1 -··-Description of Specimens .. 
Four compact joints were tested to determine the basic shear 
behavior of the 7/8 inch-A490 bolts. These joints, numbered K42a 
through K42d·, were symmetrica.1 butt· jolnts with· two ·tines .of fasteners 
at .four bo:ft~. per line. 
...... 
The ratio of net plate area· (A ) to the total-
. n 
bolt shear area (A), i.e. A /A , varied from 1.22 for K42a up to 1.37 s n s 
' 
for K42d. Pitch was maintained at J-1/2 inches, and hence each of these 
.---~···-~· 
four joints was 10-1/2 inches long. Table 1 shows the basic geometry 
of these short joints. 
The geometry of the four long joints is shown in Table 2. 
These joints were fabricated with only one line of A490 bolts. The 
A /A ratio was maintained at 1.30 for three of the tests, with pitch, n s 
joint length, and number of bolts being varied. For the remaining test 
the A /A ratio was 1.90, with 13 bolts at a pitch of 5-1/4 inches. n s 
Three of the four joints were 63 inches long, the longest full size 
joints ever tested. One of the joints had 19 bolts the longest full 
size joint in terms of number of bolts in a line ever tested. 
2.2 Material Properties 
The basic material properties of the bolts and plate material 
used in these tests are shown in Table 3. The A440 steel plate used 
had an average yield -stress of 43 ksi and an ultimate strength of 76 
ksi. The behavior of plate elements with holes was predicted by the 
method outlined in Ref. 4. Consequently no actual plate calibration 
tests were required. 
-5-
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Two different lots of bolts were used in the joint tests. 
The four pilot joints were fastened with 7/8 inch diameter by 5-1/2 
·1 
inch long bolts. The four long joints were conne~ted with 7/8 inch 
-diameter by 9-1/2 inch long bolts. These were designated as lots 
KK and AB for the short and long bolts respe.ctively. 
torqued 
Both lots of bolts had previously beerip·tested in direct and 
tension(B)( 9) and in d""~·uble· shear(lO). In all shear cal.i-4 • ' 
bration tests the shear jigs were fabricated from the same heat of 
A440 steel that was used in the actual joint tests. The load de-
formation characteristics of the AB lot bolts being sheared in ten-
sion-type jigs are shown in Fig. 1. The basic material properties 
of the bolts were determined by coupon tests. These coupons, .505 
"--inch in diameter, were cut from the center of the bolt. The results 
of the tests are shown in Table 3. 
For the theoretical study on riveted joints it was necessary 
to detennine the shear behavior of typical A502-Grade 2 rivets. The 
load deformation behavior of the HR lot rivets sheared in a "tension-
typeu jig is shown in Fig. 1. The shear jigs were fabricated from the 
same heat of A440 ste~l that was used in the bolted joint tests. Cen-
ter cut coupons, 0.505 inch in diameter, were tested to determine the 
basic material properties of these rivets. The coupons were cut from 
undriven rivets. The test data are recorded in Table 3. 
2.3 Fabrication And Assembly 
The plate elements were flame cut to rough size and milled to 
final dimensions. All oil and grease was removed from the plates •·to 
~··· 
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establish a clean faying surface. l I .. · 
Alignment of holes was- a-saured by clamping together all plates 
in a particular joint, and then drilling through the entire assembly. 
All holes were drilled to 15/16 inch diameter to allow 1/16 inch 
clearance for the 7/8 inch diameter bolts. 
The bolting up operation was conducted at Fritz Laboratory 
by technicians on the lab staff under the supervision of the engineers 
on the Large Bolted Connections project. The KK lot bolts used in 
joints K42a through K42d were installed to 1/2 turn beyond snug by the 
turn-of-the-nut method. The AB lot bolts installed in K131, Kl32, K133, 
and K191 were given 2/3 of a turn beyond snug. These values correspond 
to the specified turns(ll) for these bolt lengths. 
The bolt elongations at 1/2 or 2/3 turn were recorded. These I 
' \ 
data were related to the load-deformation curves of the particular bolt 
lot to determine the initial preload in each bolt. From this informa-
tion the clamping force on each joint could be readily determined. 
2.4 Instrumentation 
''\. The instrumentation used was similar to that described in pre-
vious work(l 2). Figure 2 shows the test set up of Kl33 with all in-
strumentation attached. 
SR4 electric resistance strain gages were attached to the edge 
of each plate. These gages were used to detect eccentricity of loading 
caused by an even gripping, or by curvature in the joint. 
Dial gages measuring to the nearest 0.001 inches were used to 
detect joint elongation. More sensitive gages, reading to the nearest 
... ' . 
. --,...-- - -· 
·a--· . 
. --- . -------~-~--~ 
-8-
) I 
0.0001 inches, were used to measure the slip between the lap and main 
)~~es. 
i.s Test Procedure 
.. 
After the specimen had been mounted in the testing machine 
L __, ~ 
,t \ 
and fitted· with instrumentation a low gripping load of 20 to 50 
kips was applied. 
~· 
., . ' , .(s"! 
Load was then incr-ea'sed in increments of 50 kips 
until the joint was carrying 70 to 80% of its expected slip load. 
During the loading both slip and joint elongation measurements were 
taken to determine the load-deformation characteristics of the joints. 
The loading cycle was then reversed and the toad was removed in in-
::;· 6. 
cremerits of 50 kips, back to the initial gripping load. Again, load-
deformation data were taken at each load increment. 
This type of cyclic loading was applied to joints K42b, K42c, 
Kl31, Kl32, Kl33, and Kl91. Joints K42b, and Kl31 were caused to slip 
on the second loading cycle; joints Kl33, and K42c on the third loading 
cycle; Kl32 on the fourth cycle; and Kl91 on the fifth cycle. Joints 
K42a and K42d were not loaded in this manner. The purpose of this type 
of loading was to ascertain the behavior of these joints before major 
slip. 
After major slip load had been surpassed the elastic and in-
elastic plate deformations were recorded at specific load increments 
by the strain gage readings, the slip and joint elongation dials, the 
pitch elongations readings, and by visual observations. Joints K42a 
through K42d were tested to failure in one day. For the longer joints, 
however, two days were required. In all cases the load attained on the 
_ .. ~ 
.· 
' I 
-9-
first day had caused the net pla.te section to yield. The load was then 
L. 
reduced to a relatively low load overnight. On the second day these 
joints were reloaded in increments to the highest load of the previous 
day. Testing then proceeded as usual until failure occurred. 
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3 • THEOR.ET·IOAL STUDIES OP UL'lDIATB STRENGTH 
3.1 ScoJ>E: of Study 
This study is intended to shaw the ultimate load char-acteristics 
of A440 steel butt joints connected with either A490 high-strength bolts 
or A502-Grade 2 high-strepgth rivets. Th~ -bolted joints analyzed theo-
retically were assumed to be connected with the ·AB lot fasteners. The 
riveted joints analyzed were assumed to be fabricated from the same 
plate material as used in the bolted joints, and to be fastened with the 
HR lot rivets. 
The ultimate strength properties of the rivets, bolts, and plate 
material are shown in Table 3. Thi-s- table shows that the A440 steel 
plate used had an ultimate strength about 13% above the .ASTM specified 
minimum. The bolts used were, in both cases, very near to the minimtDD. 
However, the rivets were 23% stronger than the ASTM minimum values. It 
is important to realize, in the following study, that the numerical values 
for ultimate joint load are based on these specific properties. The ul-
timate load behavior of a joint fastened with minimum strength p!ate 
material (67 ksi) and minimum strength rivets (68 ksi) would obviously 
differ from the joints analyzed in this work. This study was intended 
to deal with typical joints, i.e. typical as delivered A440 plate fas-
tened with typical as received A490 bolts or A5Q2..,~r.ade 2 rivets so 
that comparisons could be made with experimental results. 
This report is limited to joints connected with 7/8 inch fas-
teners. Previous work( 2) has shown that variations in bolt dj.ameter 
have a very small effect on the ultimate load behavior of joints. This 
-10-
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effect was noted particularly for A440 joints fastened with A325 bolt• 
• 1 . 
of vc:1rying diameters. Variations in the An/A8 ratio, joint le.ngth, 
and pitch length are shown for both the riveted and bolted joints in 
this work. 
In many places in this report the "sh.~ar stress" on a fastener: 
is mentioned. This shear stress is based on the cross-sectional area 
of the fastener in its original condition. In the case of rivets it is 
based on the undriven nominal diameter. This study only includes 7/8 
inch diameter fasteners, which corresponds to a single shear area of 
0.601 square inches and to a double shear area of 1.202 square inches. 
The theoretical solution of the load partition within a joint 
is based on the assumption that mechanical fasteners transmit all the 
applied load by shear and bearing once major slip has occurred. This 
assumption has been shown to be valid(l)). For the general equilibrium 
and_ compatability equations which lead to the solution of the load par-
0 
tition problem the reader is urged to see References 2 and 14. In 
this study the computerized solution developed by Fisher has been used, 
and will not be explained in this text. 
3.2 Material Calibration 
•. 
The computerized solution(l4) includes a prediction of the load-
deformation characteristics of A440 steel plate with holes. Consequently 
none of these calibration tests were required. 
'r 
The load-deformation behavior of the fasteners, loaded in double 
shear, must still be determined by actual tests. These characteristics 
are shown in Figure 1 for the A490 bolts and high-strength rivets. These 
---------·--------~ ~------
---.,..--, 
'' 
·--------...---- ----- --- - - ----- ----· --
- ''"" ~-
-12-
---- ·--,--------· - --------
. ... .. 
,. ' 
fa-steners were calibrated in the "tension-type" jigs discu.ssed in Ref-
erence 10. A curve fitting technique (4) was used to express the-se load-
deformation curves in the form; 
where 
e 
R. 
R 
u 
= 
-
-
-
napierian logaritlun base 
a 
shear load on fastener 
ultimate shear load of fastener 
~,~ = mathematically determined constants 
= shear deformation of.fastener, (shown in Figure 1). 
I 
The specific parameters R, ~, a are indicated in Figure 1 for 
u 
the AB lot bolts and the HR lot rivets. 
It should be noted that the ultimate shear strength of the· A490 
bolt was considerably higher than that of the A502-Grade 2 rivet. This 
was expected since the tensile strength, shown in Table 1, was so much 
higher for the bolts. The ultimate deformations to failure were almost 
the same for both fastener types. 
3. 3 Effect of Joint Length on Ultimate Joint Strength / 
Theoretical(l)( 2)(l2){l4) and experimental(l2)(lS)(l6) results 
of previous investigations have shown that joint length is an important 
.. par-ameter which influences the ultimate strength of a joint. In both 
A7 and A440 long steel joints fastenE.d with A325 bolts the fasteners 
at the lap plate end unbuttoned due to the larger bolt deformations and 
the prying action of the lap plates. 
The expected behavior of long joints, is, then, qualitatively 
.. r 
I 
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~ell established. It is the purpose of this section to show, quantitively, 
the expected behavior of typical A440 steel joints connected with the 
A490 bolts or A502-Grade 2 rivets with shear properties as shown in Fig. 1. 
( The joint length is a function of the fastener pitch. In this 
article a constant pitch of 4 fastener diameters, i.e. 3-1/2 inches, is 
used. Article 3.4 discusses the effect of varying the pitch. Also in 
this phase of the study a constant A /A ratio for each joint type was n s 
maintained. The effect of variations in the A /A ratio is discussed n s 
in Article 3.5. 
The following geometrical properties were also assumed: For 
joints having up to twelve fasteners in line the thickness of the 
gripped material was taken as 4 inches. Joints having more than twelve 
\ 
' I fasteners in line w~ie assumed to have eight inches of gripped material. 
Main plate and lap plate areas were th·e same. Only one gage was con-
sidered. 
To show the effect of joint length any particular A /A ratio 
n s 
could be chosen. -A /A ratios of 1.16 for bolted joints and 0.727 for n s 
riveted joints were selected. These particular ratios are the result 
of the current allowable stress design. Most specifications give an 
allowable stress of 27.5 ksi for A440 steel. The Research Council on 
Riveted and Bolted Structural Joints (RCRBSJ) allows a shear stress of 
32 ksi for A490 bolts used in bearing type connections, and 20 ksi for 
A502-Grade 2 (A195) rivets. This gives a "tension-shear" ratio of 27. 5/ 
32 = 1/1.16 and 27.5/20 = 1/.727 respectively. In terms of joint geo-
metry this results in A /A ratios of 1.16 for bolted joints and 0.727 n s 
for riveted joints. 
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The results of the theo~etical studies are summarized in Fig. 3. 
•" • ,f' I • 
The average shear stress at ultimate joint load is plotted as a function 
of the joint length. This figure shows that, for both the riveted and 
bolted joints, there was~ considerable decrease in average shear stress 
with increased joint length. 
Figures 4 through 6 show the reason for -the decrease in average 
ultimate stress with joint length. In each figure a comparison is made 
between the riveted and bolted joints. The upper set (cross hatched) in 
each figure is for bolted joints, the lower for riveted. 
Figure 4 shows that, in a short joint, almost complete redistri-
bution of lo-ad occurs in both joint types.. As the joints become longer 
(Figure 5) the interior bolts take less of the load than formerly. The 
stress distribution within a joint of 25 fasteners is shown in Figure 6. 
In this case several of the interior fasteners are carrying about the 
same load. As the joint ends are approached the load carried by each 
fastener increases rather suddenly. This is caused simply by the 
differential plate strains which increase rapidly near the joint ends 
since one plate is inelastic. In the joint interior both plates carry 
about the same load and both are elastic, hence differential strains 
are relatively small. 
3.4 Effect of Pitch on Ultimate Joint Strength 
The pitch is the distance along the line of principal stress 
between centers of adjacent fasteners. This distance plays an impor-
tant role in the distribution of load within a joint. 
Previous work( 2)(l6) had established that the average shear 
•• 
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stress at ultimate joint load was controlled more by joint length than 
' by pitch for joints of A440 steel· and A325 bolts. Was this conclusion 
valid for A440 steel fastened with A490 bolts or A502-Grade 2 rivets? 
F' To determine the effect of pitch, analytical studies were made 
for joints witb.-fa~tener spacings of three, four, and six diameters. 
The __ results of these s~udies are shown in Figure 7. 
This figure shows that the joint with ~e longer pitch gave a 
higher shear stress at a given joint length. For example, a bolted 
joint with a pitch of 2-5/8 inches and a length of 31.S inches, i.e. 
13 bolts in line, has an average shear stress of about 82 ksi. If 
, 
the pitch length is increased to 5-1/4 inches, but the joint length 
is maintained at 31.5 inches,i.e. 7 bolts in line, the average shear 
stress increases to about 85 ksi. In these cases the average shear 
stress is almost the same. As the joint length increases the curves 
tend to converge, indicating that average shear stress at failure is 
even less effected by pitch for long joints. 
From Figure 7 one sees that a joint designed with a pitch of 
6 fastener diameters, i.e. 5-1/2 inches in this case, would consis-
tently give an average shear stress 3 to S ksi above a joint with a 
2-5/8 inch pitch. However, one should not conclude that the carrying 
capacity ,of a joint with n fasteners at a pitch of 6 diemeters is 
slightly higher than that of a joint of the same length but with a 
pitch of 3 diameters. The joint with the greater number of fasteners, 
in this case with pitch at 3 diameters, would carry a much greater 
load. This fact is shown in Figure 8. The bolted joint with 13 fas-
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~ teners at a pitch of 2-5/8 inches has an average shear stress of 82.5 
ksi. The joint of the same length but with a 5-1/4 inch pitch, i.e. 
7 bolt-s in line, has a .slightly higher average shear stress of 84.7 
ksi. In this ca-se the first joint would carry an ultimate load of 13 
(::, 
x 1.202 x 82.5 = 1290 kips, whereas the second joint would only carry 
- . 2 . 7 x 1.202 x 84.7'= 714 kips, (where the fastener shear area= 1.202 in). 
3.5 Effect of Variations in the A0 /A8 Ratio on the Ultimate Joint Strength 
The ratio of the net plate area, A, to the total shear area of 
. n 
all fasteners, A, has considerable effect on the load carrying capacity s 
of a joint. As the ratio is increased more of the fasteners approach 
their full load carrying capacities. With a decrease in this ratio the 
plate material becomes more flexible with respect to the fasteners, and 
failure of the end fasteners occurs sooner. 
Figure 9 shows this effect graphically for a joint with 13 fas-
teners at a pitch of 3.5 inches. This plot shows that the inner fas-
• 
teners take less and less of the joint load, as the A /A ratio de-
n s 
creases. This is cacsed again by the differential plate strains. For 
' 
the higher A /A ratios the differential strains at the joint interior n s 
are much higher than for the lower A /A ratios. This in turn causes n s 
greater fastener defonnations, and hence an increase in fastener load. 
Figures 10 and 11 summarize the study by plotting average shear 
stress against joint length, for various A /A ratios. In these plots n s 
only the case of fastener failure is shown, although plate failure will 
occur at specific A /A ratios for particular joint lengths. With a n s 
..... _ 
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' decrease in the A /A ratio the average shear stress decreases quite n s 
rapidly • For an A /A ratio of 1.90 the av~rage shear stress has been n s 
decreased very little for the bolted joint. The same is true of an 
. ~-
A /A ratio of 1.30 for the riveted joints. These respective ratios n s 
·approach the "r--igid plate 11 condition for their particular joints. 
. .. 
Figures 9~ 10, and 11 show conclu&ively that variations in the 
A /A ratio are a major factor in the ultimate load carrying capacity n s 
of bolted and riveted joints. 
3.6 Comparison to Presept Design Codes 
Joints which are designed according to most present day speci-
fications are proportioned such that A /A ratios of 1.16 and 0.727 re-n s 
sult for bolted and riveted joints respectively. Figures 10 and 11 show 
the variation in average shear stress with joint length for different 
A /A ratios. Also shown in these figures are the allowable shear stresses n s 
which are equivalent to the given A /A ratios. For example, in Fig. 10, n s 
an A /A ratio of 1.60 is equivalent to an allowable shear stress of n s 
1.60 x 27.5 = 44 ksi. From Figures 10 and 11 one sees that a higher 
allowable shear stress gives a more stable average ultimate shear strength. 
It is interesting to note that, for the present specifications, the failure 
mode for the short joints is shearing of the end fasteners, but plate 
failure is imminent in both the bolted and riveted case. If plate 
or fastener properties varied from the ones given in Table 3 and Figure 1 
it is quite possible that the short joints would fail by tearing of the 
plate. 
Variations in the Factor of Safety are shown in Figure 12 for 
• 
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various allowable .stresses. The present allowable -stresses result in 
Safety Factors which vary from 3.17 for a single bolt down to 2.12 for 
a joint 84 inches in length. For rivets this variation is from 3.16 
down to 2.15. As the allowable stress is increased the Factor of 
Safety decreases and becomes more stable. This is shown in the,44 
ksi line for bolts and the 27.5 ksi line for rivets. In this case 
the F.actor of Safety varies from 2.25 down to 2.00 for bolted joints, 
and from 2.30 down to 1.98 for riveted joints. 
In a recent paper Fisher and Beedle(l 7) suggest a constant 
•, 
factor of safety of abour 2.1 against bolt shear. When this is applied 
to the present analysis the allowable stresses which result are shown 
in Figure 13. For bolted joints up to a length of 40 inches an 
allowable stress of 45 ksi could be used. From 40 inches to 84 inches 
an allowable stress of 32 ksi could be used. Beyond 84 inches the 
stress would have to be further reduced. For riveted joints the same 
trend is shown, with the appropriate stresses being 29 ksi, and 23 ksi, 
for the same joint lengths as. mentioned abqye. 
It must be emphasized that this entire discussion is based on 
the fact that the allowable stress in A440 steel is 27.5 ksi. Also the 
allowable stresses suggested in Fig. 13 are based on the actual pro-
perties of the particular joints analyzed. Specific design recommenda-
tions should be based on the analysis of minimum strength materials. 
However, it is apparent that the allowable stresses presently specified 
could be raised to about 40-45 ksi for A490 bolts and to ~21-30 ksi for 
A502-Grade 2 rivets, for joints less than 40 inches in length. 
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4. TBST RESULTS AND ANALYSIS 
4.1 Load-D.eformation· Behavior of Bolted Joints 
Figure 14 shows typical load-deformation behavior of the joints 
tested. Both the short joint, K42b, and the long joint, Kl91, deformed 
~lmost linearily up to the major slip load. After major slip had 
,-
occurred inela-stic plate and bolt deformations were noted. In both 
figures shown the ultimate test load was very close to the predicted 
value. 
The load·-deformation behavior of the joint can be predicted, 
~ 
once all bolts are in bearing. The prediction for joint K132 is shown 
in Figure 15. The method used to calculate the predicted deformations 
is outlined in Reference 14. At any given load the corresponding de-
I . 
;· 
' 
j 
formation is given by 1
-
where: 
Def= Slip+ f ei,i+l 
i=l 
slip= the measured deformations at each end of the joint be-
tween the end bolts and the points X (Figure 15). It 
includes joint slip as well as inelastic deformation be-
tween the bolts and point X. 
ei,i+l = computed main plate elongations within the joint proper. 
There is good agreement between the computed deformations given 
by this analysis and the deformations measured during the test. Note 
that this "prediction" is still based on some actual measurements. The 
comparison, however, indicates that the portion which is calculated, 
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(ei,i+J is done so with considerable accuracy. 
4.2 Slip Behavior of Boltea Joints 
The load-deformation behavior of joint K42b, up to major slip, 
is shown in Figure 16. The same relationship is shown for Kl91 in 
Figure 17. These plots are typical for the short joints and long 
joints respectively. 
The joint elongation dials placed on joint K42b showed that the 
,c,-•,,, 
specimen loaded and unloaded on a linear line. However, the slip dials 
showed non-linear deformation. The slip deformations included elastic 
lengthening of the 3.5 inch gage, shearing deformations on the specimen 
cross section, and slip between main plates and lap plates. When the 
joint was unloaded back to zero (actually the joint was unloaded back 
to SO kips, and the elastic line was then extrapolated back to zero) 
residual deformation of 0.0005 inches was noted on the slip dials, but 
none was apparent on the joint elongation dials. 
These same general features were noted for joint K191 (Figure 
17). This joint was loaded· and unloaded 4 times. It was caused to slip 
in the fifth loading cycle. The second and fourth unloading curves are 
shown in Figure 17. In this test the slip dials were installed such that 
only the relative plate movements, and the shearing deformations were 
being recorded. The slip dials showed non-linear deformation under re-
latively low loads, indicating slip at the joint ends. Permanent de-
formations of 0.004 inches and .01 inches were noted at the slip dials on 
the second and fourth unloading cycle respectively. This compares to re-
sidual deformations of 0.003 inches and 0.008 inches measured with the 
' joint elongation dials. 
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This load-deformation behavior was expe~ted, and was predicted 
in general t~rms by Fillunger(7). The shear stress distribution along 
the faying surfaces prior to slip is shown qualitatively in Figure 18. 
Under load ~ the shear stress di~tribution at the joint ends is re-
latively high, As the load is increased to P2 the maximum static re-
sistance is reached at the joint ends. Under further load the static 
resistance is overcome at discrete points inwar,~rom the joint ends, 
shown as the "slip zone" under load P3 • At the slip load the fr'tc-
tional resistance is overcome along the entire joint and major move-
ment of the two plates occurs. This sudden or "major" slip is shown 
' 
in both Figures 16 and 17. 
Figure 19 shows the slip movement between the faying surfaces 
' for different loads on K191. The deformations measured along the joint 
include relative movement of lap and main plates and also the elastic 
shearing deformations. 
The four top curves show the movement measured by these dials 
under increasing load. The two unloading curves show that much of the 
deformation at the joint ends remained when the joint was unloaded. Under 
a load of 846 kips sudden major slip occurred. This is shown in the 
bottom portion of Figure 20. 
1/16 inch. The deformations 
/-
Each pofnt along the faying surface moved 
! 
at the Joint ends, of about O. 084 inches, 
included both the slip of 0.0667 inches and the elastic deformations 
under a load of 614 kips. This larger deformation at the joint ends 
' 
is in accordance with the load distribution analysis discussed pre-
viously. 
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Pigure 20 shows why residual deformations occur at the joint 
ends when the joint is unloaded. On unloading, frictional shearing 
forces are created as the plates attempt to return to their original 
positions. These res.idua 1 ·deformations cre'ate a stress conditiC::n. shown . 
as Figure 20f. Several residual shear stress patterns are possible, 
. 
.. 
depending on the magnitude of the original load P, and the proximity 
(• .. ~.., 
of that load to the major slip load. 
One question still remains. Why are the residual deformations 
measured at the slip dials greater than those measured by the joint 
elongation dials? Figure 20e shows that the stresses created by the 
residual deformation are local in nature, being effective only at the 
joint ends. Hence, the overall deformation behav~~r of the joint is 
not affected. 
This analysis has shown tha.~ relative displacements of discrete 
ti' 
points on the contact surfaces near the ends of a butt joint should 
occur under relatively low loads. Hence, the criterion for major slip 
should not be this first movement, but rather the major movement which 
occurs when the frictional resistance is overcome along the entire 
faying surface. 
The pertinenent slip data for all tests is summarized in Tables 
2 and 3 and in Figure 21. The slip coefficients varied from 0.33 to 
0.40 with an average of 0.35. There seemed to be no difference in slip 
coefficient caused by variations in joint length or width. The average 
shear stress at slip was 36 ksi. This is well above the currently 
specified value of 22.5 ksi for static loading, and is also above the 
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30 ksi given for static and wind loading. 'In fact every joint tested 
gave an average shear stress a~ slip greater than 32 ksi, which is the 
currently specified value for designing bearing type connections. This 
would indicate that many joints designed according to present codes for 
bearing will probably be carrying by friction at working loads. 
(12)(18) 
-Previous tests of A440 steel joints fastened with A325 
bolts had shown lower slip coefficients. The A440 plate used in those 
'~-
tests was from the same heat used in the tests reported herein. The 
average coefficient obtained in those tests (13 joints) was 0.30. This 
would indicate that the higher clamping force of the A490 bolt may have 
had a beneficial influence on the slip coefficients. 
4.3 Ultimate Load Behavior of Bolted Joints 
The four short joints failed by simultaneous shearing of all 
fasteners. This was expected since the average shear stress at failure 
was about 99% of the ultimate shear stress of a single fastener. Thus 
when one end fastener sheared the remainder could not carry the load 
and sudden failure occurred. 
In all four long joints the lap plate end fastener unbuttoned. 
· This typical failure mode is shown for joints Kl32 in Figure 22. 
A comparison of the predicted ultimate load to the actual test 
values for the eight joints tested is given in Tables 1 and 2 and also 
shown in Figure 23. ~ It is apparent that very close agreement was ob-
tained for all four short joints, i.e. those joints fastened with short 
grip bolts. For the long joints, fastened with 8 inch grip bolts, the 
test predicted ratio varied from 1.00 to 1.07 . 
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It had been noted in earlier tests(lS) that joints fastened 
with long bolts always gave higher ultimate -tests loads than had been • 
predicted. Testresults of joints fastened with short bolts(Z) have 
varied about the predicted values - some tests being lower, some 
higher. This is the type of variation, caused by variations in actual 
material properties, that would be expected. Why, then, have all tests 
of joints fastened with long bolts given consistently higher ultimate 
test loads then predicted? 
A qualitative explanation to this can be given by considering 
the shear calibration process. A typical calibration jig used to deter-
mine the basic shear properties of a single bolt is shown in Figure 24a. 
In this process all the main and lap plate sections are tack welded to-
gether, and caused to act as units. This mean-& that the bolt is actually 
sheared almost 90 degrees to its center line. In an actual joint test, 
I,_, however, the individual plates move separately by slip~~ng over each 
other as is .also shown in Figure 24b. This causes the bolt in the joint 
to bend which results in an increased shearing area. A comparison of 
a bolt sheared in a jig to one sheared in a joint is shown in Figure 25. 
The bending action causes two important changes in the bolt 
behavior. These are: an increase in the load required to shear the 
bolt, and an increase in the ultimate bolt deformation. Figure 26 
compares schematically the load-deformation behavior of a bolt sheared 
in the calibration jig with no bending allowed, to that of a bolt as 
~ it is actually sheared in a joint. Since the ultimate joint load pre-
dictions were based on the shear· c-alib·ration behavior of the single 
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bolt, one would expect the prediction to be-less than the actual test 
value. If the ultimate joint load were predicted on the actual bolt 
.. deformation behavior a closer prediction would probably result. 
The amount of bolt bending which occurs is dependent on the load 
distribution within a joint. 'Figure 9 has shown that joints with high 
A /A ratios have a more even distribution of load among the fasteners. n s 
This means that, for high A /A ratio joints, there is more slippage of n s 
plates with respect to each other than for the lower A- /A - ratios. This-n s 
fact is shown in Figure 27. Joints Kl32 and Kl33 were the same in every 
respect except that K132 had an A /A ratio of 1.30 whereas the ratio of n s 
Kl33 was 1.90. It is apparent from the photographs that more slippage 
of the interior plates, and thus greater bolt bending, had occurred at 
the third line of bolts in K133 than in K132. 
In summary it is apparent that the solution presented by pre-
vious researchers(l)( 2)(3) is very accurate for joints fastened with 
short grip fasteners. For joints with longer fasteners the predicted 
load was usually lower than the true value. An analytical solution 
wnich considered the bolt bending would be very complex, especially 
since the amount of bending is- partially:· controlled by the A / A 
n s 
ratio. For practical analysis the solution offered by Fisher(4)(l4) is 
sufficiently accurate. A further study of the bolt bending phenomenon 
does not seem to be warranted. 
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s. SUMMARY 
• As a result of the theoretical and experimental studies con-
ducted under this program the following conclusions and recommendations 
have been made. 
( 1) The the·orettcal solution, dev·e loped by previous researchers, 
for the load distribution witnin a joint and the ultimate load of a 
joint is sufficiently accurate for all practical cases. 
(2) The average fastener shear strength is greatly influenced 
by increases in joint length. The fastener pitch influences the average 
shear str~gth mainly by· changing the joint length. 
(3) Variations in the A /A ratio have a major effect on the n s 
average fastener shear stress at ultimate joint load. An increase in 
this ratio causes an increase in the average shear stress. 
(4) In order to make more efficient use of the A490 bolts and 
the A502-Grade 2 rivet a higher allowable shear stress should be specified 
for short joints. Suggested values are: 40 to 45 ksi for A490 bolts 
and 27 to 30 ksi for A502-Grade 2 rivets, in joints less than 40 inches 
long. The present specifications of 32 ksi for all A490 bolted joints 
and 20 ksi for all .A502-Grade 2 riveted joints is overly conservative 
for short joints. 
(5) Test results, and th~oretical analysis, have shown that 
differential movement between the lap and main plate should occur near 
the joint ends under relatively low loads. As the loading is increased 
this differential movement between discrete contact points of the faying 
surfaces proceeds inward from the joint ends. When the maximum static 
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frictj.onal resistance is overcome along the entire length of the joint 
l ' 
\ 
a sudden major movement of the entire lap plate with respect to the 
main plate will occur. This constitutes major slip. 
(6) Test results have shown that the average shear stress 
at major slip vai::ied fr.om 32 ksi to 40 ksi for A44Q steel fastened 
with A490 bolts. These values are well above the currently specified 
value of 22.S ksi for friction joints. Also these tests indicate 
that many joints,designed to carry load in bearing and shear, will 
actually be carrying the load by friction at working loads. 
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TABLE 1 
TEST RESULTS 
, 
K Series Pilot Tests 
Joint 
t" LengthPf 
-29-
\ 
--at3-~~ 
1 ........ --\ w-idt-h r-tn-.---: ~~ 1=..---.-1--~ ----;------1 
r 2" Grip -:) 
__ ,. __ - -
, • .- • .. -• ... r 
t 
Item 
Bolts-Heavy head, K lot 
-· Nomina 1 Shear Area 
Washers Used 
Plates-A440. Mean Joint 
Width 
Mean Joint Thickness 
(two plates) 
Joint Length 
Mean Grip (excluding 
washer) 
A /A -Design 
n s Actual 
Slip Load-Test 
Average Bolt "Shear 
Stress" 
Slip Coefficient 
Ultimate Load-Test 
Predicted 
Ratio, Test/Predicted 
Average Bolt Shear 
Stress 
Shear Strength of a 
Single Bolt Tested in a 
I I 
I 
. 
I ' 
Units 
-
in 
in 
in 
in 
-
k\PS 
ksi 
-
kips 
kips 
-
ksi 
Tension Jig ksi 
Type of Joint Failure 
-
' . I 
I I 
• 
• I 
4- 7 /8" A490 Bolts per line 
• 
• • 
. 
K42a 
9.62 
1 under 
nut 
7 .64 
2.03 
10.5 
4.06 
1.20 
1.22 
350 
36.4 
0 .36 
980 
982 
.998 
101. 9 
103.5 
-------~ - . 
, , , r , . . . 
... - - - -
.,-
l" 
K42b K42c K42d 
9.62 9.62 9.62 
l under 1 under 1 under 
nut nut nut 
7.89 8.12 8.36 
• 
2.03 2.02 2.03 
10.5 10.5 10.5 
4.06 4.04 4.06 
1. 25 1.30 1.35 
1.27 1.31 1.37 
314 334 383 
32. 7 34. 7 39.8 
0 .33 0.36 0.40 
~ 
980 996 1004 
984 985 986 
.996 1.011 1.018 
101.9 103.5 104.3 
103.5 103.5 103.5 
All Bolts All Bolts All Bolts All Bolts 
r~,:! Sheared Sheared Sheared Sheared 
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TABLE 2 ,h __ J 
'"· TEST RESULTS 
·, 
K SERIES - LONG JOINTS 
,.. .lod pt J,engtb ., 
.., . f<-Pitch f~- J _;....__,,--0 CD • -l i I ~ I Width 
4" Grip ], n - 7 /8" A490 Bolts :<; ,~ 
~-----------.......... ----------------t I I 
ITEM 
BOLTS: Heavy Head, AB lot 
Number in Line, n 
Nominal Shear Area 
Wcjshers Used 
~ 
PLATES : A440 
Kean Joint Width 
Mean Thickness (2 Plates) 
Mean Grip (Excluding Was-
her) 
Pitch 
Joint Length 
A /A: Design 
n s Actual 
SLIP LOAD: Test 
Average Bolt "Shear 
Stress" 
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